21 expression, regulatory networks, sRNAs 22 23 The transcription factor RpaB regulates the expression of genes encoding 24 photosynthesis-associated proteins during light acclimation. The binding site of RpaB 25 is the HLR1 motif, a pair of imperfect octameric direct repeats, separated by two 26 random nucleotides. Here, we used high-resolution mapping data of transcriptional 27 start sites (TSSs) in the model Synechocystis sp. PCC 6803 in conjunction with the 28 positional distribution of HLR1 sites for the global prediction of the RpaB regulon. The 29 results demonstrate that RpaB regulates the expression of more than 150 promoters, 30 driving the transcription of protein-coding and non-coding genes and antisense 31 transcripts under low light and upon the shift to high light when DNA binding activity is 32
ABSTRACT 3 mutants impossible. Based on a bioinformatic approach, we increased the number of 48 known genes controlled by RpaB by a factor of 5. Depending on the distance to the 49 TSS, RpaB mediates transcriptional activation or repression. The high number and 50 functional diversity among its target genes and co-regulation with other transcriptional 51 regulators characterize RpaB as a regulatory hub. The pgr5 gene is strongly induced when cells are exposed to HL or to CO2 limitation 206 (24). This gene encodes a homolog of PGR5 (proton gradient regulation 5) in 207 Synechocystis 6803 (34), which is involved in antimycin A-sensitive electron flow from 208 PSI to the plastoquinone pool in plants and algae (35, 36) . The pgr5 promoter 209 possesses twin HLR1 boxes, HLR1a and HLR1b, covering the -35 to -10 elements and 210 the first transcribed nucleotide (Figure 5A) . ChAP assays utilizing 12xHis-tagged 211 RpaB from a LL-grown culture yielded 32% recovery of this promoter fragment, while 212 this number dropped to ~5% at 5 min after transfer to HL and recovered to only 11% 213 at 15 min after the shift, which was even lower than the negative control (Figure S5) . 214 In promoter fusion experiments, the native Ppgr5 promoter mediated a rapid induction 215 of luciferase fluorescence upon the shift from LL to HL. This promoter derepression 216 was consistent with the rapid induction of pgr5 mRNA accumulation in the wild-type 217 (WT) 5 min after the shift from LL to HL, shown here by Northern blot hybridization and 218 in microarray expression data taken from the CyanoEXpress database (37). Mutation 219 of HLR1b abolished reporter gene expression, while mutation of HLR1a alone or of 220 both motifs together led to an more pronounced peak upon transfer from LL to HL 221 (Figure 5A) , pointing to additional regulatory mechanisms. It should be noticed that 222 pgr5 was the most differentially regulated gene in a recently found regulatory 223 mechanism involving the protein Slr1658 (38). Therefore, EMSAs were performed, 224 which showed direct binding of RpaB to the native sequence. Binding was still 225 detectable with individual HLR1a or HLR1b mutants but completely abolished when 226 HLR1a and HLR1b were jointly replaced (Figure 5A) .
The slr0293/gcvP gene encodes the P-protein, one of four subunits of the glycine 228 decarboxylase complex (39) involved in the plant-like photorespiratory C2 cycle 229 metabolizing poisonous 2-phosphoglycolate, which is a by-product of the bifunctional 230 Rubisco activity. Therefore, the enhanced expression of gcvP with increased 231 irradiance is sensible and was observed by Northern blot hybridization here as well as 232 in microarray expression data from the CyanoEXpress database (Figure 5B) . The 233 gcvP promoter possesses twin HLR1 boxes. HLR1a covers the -10 element and the 234 region up to -2 of the TSS, while HLR1b is located within the 5'UTR ( Figure 5B) . ChAP 235 assays using RpaB from a LL-grown culture yielded 38% recovery of this promoter 236 fragment. This number dropped to ~10% at 5 min after transfer to HL and recovered 237 to 22% at 15 min after the shift. In promoter fusion experiments, the native PgcvP 238 promoter mediated an induction in luciferase fluorescence upon a shift from LL to HL 239 within 30 min. Joint mutations of HLR1a and HLR1b abolished reporter gene 240 expression, consistent with EMSA data demonstrating the lack of RpaB binding to the 241 fragment when both sites were mutated (Figure 5B) . 242 The FtsH2 protease, which is important for PSII repair (40) is also controlled by 243 RpaB. PftsH2 possesses a single HLR1 overlapping the TSS and the -10 element 244 (Figure 5C ), suggesting a repressing function under LL. Indeed, Northern hybridization 245 demonstrated the induction of ftsH2 mRNA accumulation in the WT upon the shift from 246 LL to HL, but the initial level was higher than for pgr5. ChAP assays yielded 27% 247 recovery of this promoter fragment, while this number dropped to ~15% at 5 min after 248 transfer to HL, below the negative control value obtained with the glnB promoter 249 (Figure S5 ), suggesting actual RpaB binding. Binding was directly confirmed in EMSA 250 assays with the native promoter sequence, while it was abolished when the motif was 251 mutated (Figure 5C ). Reporter gene assays confirmed the inducibility by HL. The HLR1 mutation led to reduced, but still detectable, HL-inducible expression of the 253 reporter gene. We conclude that PftsH2 is under RpaB control and that the existing 2 nd 254 TSS secured the lower, albeit still detectable, regulation when HLR1 was mutated. 255 We chose the promoter of PsrR1 as a positive control (12, 15) . PPsrR1 possesses an 256 HLR1 spanning the region from the -35 to the -10 element (Figure 5D ). Indeed, ChAP 257 assays yielded 65% recovery of this promoter when protein extracts from LL-grown 258 cultures were applied, while this number dropped to less than 20% 5 min after transfer 259 to HL and recovered to 25% at 15 min after the shift. Moreover, EMSAs showed direct 260 binding of RpaB to the native sequence, while binding was not observed when the 261 HLR1 motif was mutated. In promoter-reporter gene fusion assays, we observed rapid 262 de-repression upon the shift to HL and even stronger derepression when the HLR1 263 motif was replaced. In contrast, mutation of the -10 element led to low expression and 264 almost no detectable light induction (Figure 5D ). These facts corresponded well to the 265 known regulation of this sRNA (15). as validated by the reporter gene assays. When the cells were starved for iron, gene 287 expression from the native promoter increased linearly for 36 h, whereas mutation of 288 the Fur box caused very high expression before iron was removed, consistent with the 289 role of Fur as a repressor. However, when HLR1 was mutated, no expression could 290 be detected at all, even if the Fur box was mutated in parallel. This result suggested 291 that RpaB was required for the high-level expression of isiA under iron-limiting 292 conditions. Consistent with this interpretation, the shift from LL to HL led to a 293 remarkable decrease in gene expression with both the native and Fur box-mutated 294 promoter variants, followed by an increase when the cells were shifted back ( Figure   295 6A (VI)). 296 The nirA gene encoding nitrite reductase belongs to the core regulon controlled by 297 global nitrogen regulator NtcA (44). The NtcA box within PnirA is overlapping the HLR1 298 by 5 nt (Figure 6B (I) ). Under nitrogen-replete growth conditions, nirA transcript levels 299 declined immediately after exposure to HL, then increased to the level higher than that 300 under LL ( Figure 6B (III and IV) ). Such tendency was also observed in promoter 301 activity under nitrogen-depleted conditions (Figure 6B (VI) ). Point mutations into either HLR1 or NtcA boxes resulted in decreased luminescence relative to the natural 303 promoter (Figure 6B (VI) ). EMSAs showed a simple band pattern and specific binding 304 of RpaB to the HLR1 sequence in PnirA, whereas binding was abolished when HLR1 305 was mutated.
306
LexA is a highly conserved transcription factor throughout the bacterial domain and 307 frequently functions as a repressor of SOS response-related genes involved in DNA 308 repair (45). In Synechocystis 6803, however, LexA has been reported to act as a global 309 regulator binding to the promoters of genes contributing to various cellular functions, 310 such as hydrogenase activity (46), bicarbonate transport (47) were observed after transfer to HL ( Figure 6C (III and IV) ). However, lexA promoter 319 activity increased after 1 h of HL exposure (Figure 6C (VI) ). This increase in promoter 320 activity was not observed when a mutation was introduced into HLR1 (Figure 6C (VI) ), 321 indicating that this increase was due to the re-binding of RpaB to HLR1. Although LexA 322 has been suggested to be negatively auto-regulated (49), our results did not show any 323 clue for self-repression of the lexA gene.
DISCUSSION

326
Extension of the RpaB regulon 327 Our results substantially increase the number of known RpaB-regulated promoters in 328 Synechocystis 6803, from 37 to at least 167 for protein-coding genes or operons and 329 from 1 to 22 non-coding RNAs. To infer the regulon controlled by RpaB, we analyzed to HL for promoters that were predicted to be repressed by RpaB under LL (ftsH2, 336 pgr5, gcvP and psrR1 for control), hence confirming the validity of our approach. (Bcp/Slr0242) and its associated ferredoxin (Ssl2250), which were reported to be 363 involved in resistance to oxidative stress by utilizing thioredoxin as a reductant (56).
364
Thioredoxin was shown to directly influence the RpaB redox state (57), and therefore 365 RpaB might indirectly control its own activity via the downregulation of bcp and ssl2250. 366 Altogether, RpaB controls six out of nine ferredoxins present in Synechocystis 6803 367 (58). These findings illustrate the importance of regulation of the electron distribution 368 within and downstream of photosynthesis via RpaB.
369
Photorespiratory 2-phosphoglycolate (2-PG) metabolism is essential in cyanobacteria 370 and especially important during HL acclimation (59, 60). The production of 2-PG 371 promotes the accumulation of glycine in HL, which is toxic in high concentrations (61).
372
Therefore, the glycine cleavage complex is important for HL acclimation processes as 373 well. Redox regulation of gcvP, encoding the P-protein subunit of this complex, was 374 reported (62), which, according to our data, is performed by RpaB. As proposed for Ppgr5, the possession of two HLR1 elements might ensure a tight regulation. The 376 cellular antioxidant defense system consists of various mechanisms to maintain redox 377 homeostasis, which is crucial to cope with stress conditions, such as HL. RpaB seems 378 to regulate most genes of the glutathione/glutaredoxin system, relevant to prevent 379 photooxidative damage. GrxA and GrxC were reported to be the only HL-inducible 380 glutaredoxins, serving as electron acceptors of glutathione (63). Table S3 ). Therefore, the here suggested involvement of RpaB 397 in the transcriptional regulation of isiA and, inversely in the control of its asRNA IsrR, 398 adds a regulatory dimension that has been previously missing.
382
Cross-regulatory effects between RpaB and other regulatory mechanisms
RpaB control over the glutathione/glutaredoxin system illustrates its interface with 400 nitrogen metabolism, which is important for enhancing the electron sink capacity.
401
Cross-regulation with NtcA in the control of nirA/slr0898, encoding ferredoxin-nitrite 402 reductase, also fits this picture. Binding of RpaB to the nirA promoter was clearly 403 shown; however, the HLR1 is at an intermediate position at -41 ~ -24, which is still promoter is co-stimulated by NtcA and RpaB. However, an asRNA overlapping the first 411 codons and 5'UTR of nirA has been detected (24, 44) and may contribute to the control 412 of mRNA stability and the efficiency of translation in the native situation.
413
Further predicted targets encode proteins involved in HL acclimation, such as PSII 414 subunits or slr0228 and slr1604 encoding the FtsH2/3 protease complex, which is 415 important for PSII repair (40). It is intriguing that the FtsH2 protease is also required 416 for the induction of inorganic carbon acquisition complexes in Synechocystis 6803, 417 acting upstream of the transcription factor NdhR (68), and that the FtsH1/3 418 heterocomplex controls the level of Fur (69). All three genes (ftsH1, ftsH2, ftsH3) are 419 repressed by RpaB (Figure 3) . 420 Together with previous data, the results of this work show that RpaB is of crucial and (Figure S2) . Subsequently, the positional 753 distribution of the HLR1 within the promoters was examined (Figure 2A) . Motifs whose 754 promoters were activated or repressed under the relevant condition were separated 755 prior to this analysis and the density of detected motifs in activated or repressed 756 promoters was plotted against their relative distance to the TSS (Figure 2B) . Areas 757 exceeding a density threshold of ≥ 99% were considered significantly enriched, and 758 only motifs occurring in one of these areas were used for further analysis. Motifs from 759 each enriched area were ranked according to their motif score and relative expression 760 and probabilities were calculated from the overall distribution of the motifs' combined 761 ranks (Figure 2D) . A probability threshold of ≥ 75% was set to perform a functional 762 enrichment analysis of all genes meeting this criterion (Figure S3, Table S2 ) by using DAVID 6.7 (29-31). All genes in a group with an enrichment score ≥ 1, a probability 764 ≥ 95% or a relative motif score ≥ 0.90 were accepted for the final regulon (Figure 3) . 765 The regulon was visualized using Cytoscape 3.5.1 (76). Table S3 ). Underlined targets indicate asRNAs. threshold ≥75% was set to perform the functional enrichment analysis by using DAVID 849 6.7 (29-31). All clusters with a highly stringent enrichment score ≥ 1 are shown (see 850 also Table S2 for further information). slr0145, slr0146, slr0147, petF5 (slr0148) , slr0149, petF4 (slr0150 
